Abstract. Past studies have identified a variety of pathways by which carbon monoxide (CO) may be transported from the surface to the tropical upper troposphere (UT); however, the relative roles that these transport pathways play in determining the distribution and seasonality of CO in the tropical UT remain unclear. We have developed a method to automate the identification of two pathways ("local convection" and "advection within the lower troposphere (LT) followed by convective vertical transport") involved in CO transport from the surface to the UT. This method is based on the joint application of instantaneous along-track, co-located, A-Train satellite measurements. Using this method, we find that the locations and seasonality of the UT CO maxima in the tropics were strongly correlated with the frequency of local convective transport during 2007. We also find that the "local convection" pathway (convective transport that occurred within a fire region) typically transported significantly more CO to the UT than the "LT advection → convection" pathway (advection of CO within the LT from a fire region to a convective region prior to convective transport). To leading order, the seasonality of CO concentrations in the tropical UT reflected the seasonality of the "local convection" transport pathway during 2007. The UT CO maxima occurred over Central Africa during boreal spring and over South America during austral spring. Occurrence of the "local convection" transport pathway in these two regions also peaked during these seasons. During boreal winter and summer, surface CO emission and convection were located in opposite hemispheres, which limited the effectiveness of transport to the UT. During these seasons, CO transport from the surface to the UT typically occurred via the "LT advection → convection" pathway.
Introduction
Biomass burning and fossil fuel combustion have long been recognized as globally important sources of trace gases and aerosols, especially in the tropics. Carbon monoxide (CO) plays a particularly influential role in global atmospheric chemistry. CO is a byproduct of the incomplete combustion of carbon-based fuels, and can also be produced by the oxidation of methane and non-methane hydrocarbons (Jacob, 1999) . CO is an ozone (O 3 ) precursor (Daniel and Solomon, 1998) and serves as the primary sink of the hydroxyl radical (OH) (Thompson, 1992) . The lifetime of CO in the tropical troposphere is 1-2 months, which makes it a useful tracer for studying the mass transport of air originating in regions of biomass burning or fossil fuel combustion (Edwards et al., 2006) .
Previous studies based on observations and/or modeling (Novelli et al., 1998 (Novelli et al., , 2003 Edwards et al., 2006; Duncan et al., 2007a; Junhua Liu et al., 2010; Macdonald et al., 2011) have shown that CO seasonal and interannual variability in the troposphere is affected by many factors, which can primarily be divided into the categories of photochemistry and transport. These factors vary greatly among different geographic regions. Edwards et al. (2006) used five years of CO data from MO-PITT to show that the interannual variation of tropospheric CO in the Southern Hemisphere (SH) correlates well with the El Niño-Southern Oscillation (ENSO) precipitation index. Duncan et al. (2007a) evaluated the global budget of CO from 1988 to 1997 using a chemical transport model and found that emissions were largely constant during this period, as increases in Asia were offset by decreases elsewhere.
Junhua Liu et al. (2010) used model simulations to interpret the spatial and temporal variations of CO in the lower troposphere (LT) and upper troposphere (UT), and suggested that prevailing subsidence during the peak fire season over South America (July-August) may trap CO near the surface until convection associated with the inter-tropical convergence zone (ITCZ) moves into the fire region during September and October. Macdonald et al. (2011) investigated the relative influences of trans-Pacific transport and emissions from North American forest fires on CO concentration at a high elevation site using 5 yr of in-situ data. They argued that although trans-Pacific transport plays a role during boreal winter and spring, biomass burning is the most important contributor to periods of elevated CO concentration during summer.
Transport of CO from the surface to the UT has also been studied extensively using data from field campaigns, satellites, and numerical modeling simulations. , Pickering et al. (1996) , and Andreae et al. (2004) have shown that local deep convection over fire regions can transport large amounts of CO to the UT. This "local convection" pathway is especially strong when the convection occurs in the form of pyrocumulonimbus clouds. CO may also be transported from a fire region to a convective region within the LT and then transported to the UT by deep convection (Folkins et al., 1997; Andreae et al., 2001) . This "LT advection → convection" pathway is consistent with observations that UT CO centers are often located above convective regions rather than fire regions. This pathway may be particularly relevant because fires typically occur during dry seasons when local deep convection is infrequent. The existence and local importance of each of the two convection-induced transport pathways have been clearly demonstrated by previous case studies (e.g., Pickering et al., 1996; Folkins et al., 1997; Andreae et al., 2001 Andreae et al., , 2004 Williams et al., 2002) ; however, the roles and relative importance of the two pathways in determining the geographic and seasonal distributions of CO in the tropical UT have not yet been comprehensively evaluated. Schoeberl et al. (2006) used satellite observations to describe a semi-annual cycle of CO in the UT and lower stratosphere (LS) with peaks in boreal spring (March-May) and fall (September-November). They suggested that these seasonal peaks of CO were related to seasonal peaks in biomass burning in Asia, Africa, and South America. Liu et al. (2007) compared the geographic and seasonal distributions of tropical deep convection with those of CO and water vapor in the UT, and suggested that the elevated concentrations of CO in the UT observed during boreal spring and fall may have been caused by the spatiotemporal coincidence of biomass burning emissions and deep convective activity over Africa and South America during these seasons. These previous studies (Schoeberl et al., 2006; Liu et al., 2007; Junhua Liu et al., 2010) suggest that spatial overlap between surface emission and deep convective activity enhances CO transport from the surface to the UT. Relationships between the seasonal cycle of CO concentration in the UT and the seasonal cycles of surface emission and convection are not straightforward. Emissions of CO at the surface peak during boreal fall and winter, and convective activity over the tropical land area between 30 • S and 30 • N peaks during boreal summer and winter (Fig. 1) . Mean CO concentration in the UT peaks during boreal fall, when convective activity is at a minimum. Furthermore, the mean concentration of CO in the UT is higher during boreal spring than during summer, even though surface CO emission and convective activity are both higher during summer than during spring. The lack of correlations among peaks in mean CO concentration in the tropical UT and peaks in surface emission and convective activity highlights the potential importance of transport pathways. Duncan et al. (2007b) studied troposphere-to-stratosphere (TST) transport of CO and evaluated the impacts of biomass burning pollution on the composition of the tropical tropopause layer (TTL) and lowermost stratosphere (LMS). They found that two TST pathways (slow ascent through Atmos. Chem. Phys., 12, 4683-4698, 2012
www.atmos-chem-phys.net/12/4683/2012/ the TTL and quasi-horizontal exchange into the LMS) are of similar importance for the transport of biomass burning pollution. By contrast, our study focuses on the pathways that transport CO from the surface to the UT (215 hPa, below TTL) and how their seasonal variations influence the seasonal variation of UT CO over two important biomass burning regions. Junhua Liu et al. (2010) used GEOS-Chem model simulations to evaluate CO transport in the GEOS-4 and GEOS-5 assimilated meteorological fields and to identify causes of discrepancies between observations and simulations. This study develops a method using co-located satellite measurements to automatically identify the two convectioninduced CO transport pathways, and uses this method to study the relative importance of these two pathways to seasonal variations of CO in the tropical UT. Although CO concentration can be influenced by multiple transport pathways simultaneously, the two transport pathways defined here broadly represent long-range transport of CO from the surface to the UT, such as that associated with the ITCZ. Previous studies have used data from A-Train (L'Ecuyer and Jiang, 2010) satellites to study CO transport (e.g., Park et al., 2007; Barret et al., 2008; Halland et al., 2009; Junhua Liu et al., 2010; Jin et al., 2011) . Here, we build upon these previous studies by presenting and applying an automated detection mechanism for the two CO transport pathways described above. This method streamlines the identification of CO transport pathways by intelligently combining instantaneous along-track observations of CO in the UT from the Aura Microwave Limb Sounder (MLS), observations of convective clouds from the CloudSat radar, and CO emissions derived from Moderate-resolution Imaging Spectroradiometer (MODIS) fire data, as described in Sects. 2 and 3. We apply the method to quantify the frequency of occurrence of each transport pathway with respect to the major centers of elevated CO in the tropical UT, as presented in Sect. 4. We are then able to evaluate the relative importance of the two pathways in determining the seasonality of UT CO over the selected domains, and to reconcile the mismatch between the seasonal cycle of UT CO and the seasonal cycles of surface CO emissions and convective activity, as shown in Sect. 5. The main conclusions of this work are summarized and discussed in Sect. 6.
Datasets
The seasonal distributions of CO concentration are described according to satellite observations taken by the Aura MLS for the upper troposphere and the Aura Tropospheric Emission Spectrometer (TES) for the lower troposphere. The location and relative strength of convective activity is estimated using satellite observations of cloud water content (CWC) taken by the CloudSat millimeter-wavelength cloud radar.
The Aura MLS detects CO in the UT/LS region by measuring thermal emission at 240 GHz with a limb-viewing geometry (Pumphrey et al., 2007; Livesey et al., 2008) . The vertical resolution of the CO retrieval is approximately 4 km in the UT/LS, and the horizontal resolution is approximately 5 km across-track and 300-400 km along-track. We use Level 2 CO derived according to the MLS Version 2.2 (v2.2) retrieval algorithm and screen the data as recommended by Livesey et al. (2007) . The valid CO data in the UT are provided at 215, 147, and 100 hPa. The MLS v2.2 CO data has a systematic factor of ∼2 high bias at 215 hPa, but the morphology is generally realistic . We have also performed the pathway analysis using MLS Version 3.3 (v3.3) data. This version has eliminated the high positive bias at 215 hPa, but the ability of the retrieval to separate clouds and CO is considerably worse than in v2.2 . Our results using v3.3 are similar to those using v2.2; accordingly, we only present results based on MLS v2.2 CO data in the following sections.
TES is an infrared Fourier transform spectrometer with high spectral resolution (0.1 cm −1 ) and a wide spectral range (650-3050 cm −1 ) (Beer et al., 2001; Beer, 2006) . The footprint of each TES nadir observation is 5 × 8 km (Beer, 2006) . TES retrievals of CO are primarily sensitive to CO concentrations in the 700-200 hPa pressure range and have been found to be consistent with measurements made by the Measurements of Pollution in the Troposphere (MOPITT) satellite instrument (Luo et al., 2007b) and aircraft data (Luo et al., 2007a; Lopez et al., 2008) . TES cannot reliably retrieve CO in the presence of clouds (Halland et al., 2009) . We use V004 of the level 2 TES data (F05 07) and screen the data according to the recommended guidelines (Osterman, 2009) .
CloudSat carries the first space-borne 94-GHz cloud profiling radar (CPR) to measure vertical structures of cloud and precipitation (Stephens et al., 2002) . Each CPR profile has a vertical resolution of ∼500 m, but the measurements are reported on an increment of ∼240 m with 125 vertical layers. The footprint for a single profile is approximately 1.3 km across-track by 1.7 km along-track, with along-track sampling spaced every 1.1 km (CloudSat Project, 2008) . CWC represents the sum of cloud ice water content (IWC) and liquid water content (LWC) observed by CloudSat.
CO emission at the surface is obtained from the Global Fire Emission Database version 3 (GFED3) which has recently been released . This gridded data is provided at 0.5 × 0.5 • spatial resolution and monthly temporal resolution, and includes burned area and fire emissions. Emissions of fire-generated trace gases are derived by combining information on burned area with MODIS fire hot spots , biogeochemical model estimates of fuel burned, and emission factors for each species. The approach used to derive daily CO emission from GFED3 monthly emissions is described by Mu et al. (2011) . These are two of the most important tropical biomass burning regions and coincide with the locations of UT CO maxima in the tropics. CO has a relatively long lifetime in the UT. We evaluate the change of CO concentration in the UT by calculating the difference between instantaneous CO measurements at 215 hPa and monthly mean values interpolated from a 4 • latitude × 8 • longitude grid to the observational location and level. The threshold of CO increase is 20 ppbv, which coincides with the estimated precision of MLS CO at 215 hPa . If the calculated change in UT CO exceeds 20 ppbv, it is defined as an increase of CO in the UT. We use vertically integrated CloudSat CWC above 6 km (iCWC 6 km) to represent convective activity. The threshold for iCWC 6 km is 100 mg m −3 , which is approximately the median value of all the iCWC 6 km over the selected South America and Central Africa domains. If the observed iCWC 6 km exceeds this value 100 mg m −3 , it is defined as deep convective activity. To justify the use of CloudSat CWC as an indicator of deep convection, we have compared it with the TRMM cloud feature database (Liu et al., 2008) and ISCCP D2 deep convective cloud amount data (Rossow and Schiffer, 1999) . The spatial distributions of deep convection averaged over periods of 8 days or longer are nearly identical among these three datasets. Cirrus clouds that are not associated with convection typically have a much smaller CWC (Ström et al., 2003) than the convective anvils captured by our CWC threshold. Thus, CloudSat CWC is appropriate for identifying convective activity in this work. During the year 2007, Aura MLS and CloudSat measurements are separated by only 7-8 min in time, but their measurement tracks are separated by ∼200 km at low and middle latitudes (Savtchenko et al., 2008) . Thus, MLS and CloudSat measurements are not exactly co-located for tropical clouds; however, because mesoscale convection is typically 100 km or more in size (Houze, 2004) and CO is a long-lived tracer, CloudSat observations are likely to be indicative of the convective conditions affecting UT CO along the MLS track. We co-locate CloudSat CWC with MLS CO measurements by averaging CWC in boxes of 3 • along-track and 1 • acrosstrack centered on the MLS measurement locations (approximately matching the MLS footprints). To co-locate GFED3 daily CO emission with MLS observation, we first identify the 0.5 × 0.5 • grid box that contains the center of the MLS footprint, then check for surface CO emission within any of a 5 × 5 set of grid boxes centered on the co-located grid box (i.e., 2.5 × 2.5 • resolution).
The "local convection" pathway is identified when an increase of CO in the UT is detected simultaneously co-located with non-zero surface CO emission and deep convection. The "LT advection → convection" pathway is identified when an increase of CO in the UT is detected simultaneously co-located with deep convection, but the co-located surface CO emission is zero. The effectiveness and validity of this method for identifying CO transport pathways is demonstrated in the following section, which describes a detailed case study.
A case study Figure 2a shows the spatial distributions of surface CO emission and MLS instantaneous, along-track measurements of CO concentration in the UT (215 hPa) on 12 January 2007. The strongest CO emission was located over northern Africa, while moderate CO emission occurred in northern South America and southern Brazil. The MLS detected high CO concentrations over the South American continent and southern Africa, south of the primary CO emission region in Africa (Fig. 2a) . The southward displacement of the UT CO maximum relative to the surface emission region may suggest that CO was not directly transported to the UT by local convection.
To illustrate how CO transport pathways affect the UT CO concentration over Central Africa, we choose a vertical cross section along the MLS track which is parallel to the CloudSat track indicated by the blue line (Fig. 2a) . This cross section is along the Aura satellite descending track from 20 • N to 20 • S; the starting and ending points are indicated by A and B, respectively ( Fig. 2a and b) . CO emission was occurring along this track from 12 • N to nearly 5 • S, while the increase of CO (>20 ppbv) at 215 hPa was mainly located in the SH between the equator and 14 • S. CO increases in the UT occurred with co-located deep convection and surface emission at latitudes between 1 • S and 5 • S, suggesting CO transport from the surface to the UT via the "local convection" pathway. CO increases between 5-8 • S and 13-14 • S were colocated only with deep convection, suggesting CO transport via the "LT advection → convection" pathway. The distinction between these two pathways is dependent upon the distribution of surface CO emission. Our automated detection method captures the occurrence of these pathways, as indicated by the red ("local convection") and blue ("LT advection → convection") markers (Fig. 2b) .
As validation of our automated detection method, we integrate seven-member back trajectory ensembles from each 215 hPa observation along this MLS track. Each ensemble consists of one trajectory initialized from the center of the MLS footprint, four trajectories initialized at offsets of ±0.5 • in latitude and longitude, and two trajectories initialized at ±2 K in potential temperature. The initial potential temperatures are calculated according to MLS retrievals of temperature at 215 hPa. The trajectories are calculated using a modified version of the Goddard Fast Trajectory model (Schoeberl and Sparling, 1995; Wright et al., 2011) , driven by winds and heating rates from NASA's Global Modeling and Assimilation Office (GMAO) Modern-Era Retrospective Analysis for Research and Applications (MERRA) reanalysis (Rienecker , and at ±2 K in potential temperature (2 trajectories per ensemble), and were integrated backward in time for one day or until a convective source was identified. We identify convective sources for each trajectory using two independent representations of convection: threedimensional convective cloud fraction from the MERRA reanalysis (Rienecker et al., 2011) and cloud top pressure from the International Satellite Cloud Climatology Project (IS-CCP) DX dataset (Rossow et al., 1996; Rossow and Schiffer, 1999) . The MERRA cloud product is generated by the reanalysis model, and is provided as three-hour averages on a 1.25 × 1.25 • grid. Convective cloud top pressures are estimated using a linear interpolation in ln(p). We use 3-hourly ISCCP DX data from Meteosat-7 and Meteosat-8 for Central Africa, and from GOES-11 and GOES-12 for South America. We bilinearly interpolate cloud top pressures to the trajectory points from the gridded datasets, and identify convective intersections when cloud top pressures are (1) less than trajectory pressures or (2) less than 350 hPa. This second threshold accounts for persistent low biases in infrared estimates of cloud top height (Sherwood et al., 2004) and is more in line with the representation of convection in the automated method (vertically-integrated CWC above 6 km). Convective intersections within 250 km of the trajectory initialization point are considered local.
The results of the trajectory simulations are in good agreement with the results of the automated detection mechanism (Fig. 3) . The CO transport pathway identified by the automated method matches the pathway followed by the majority of trajectories in 24 out of 27 cases according to both representations of convection. For the other three cases, the automated method is only in disagreement with one of the two trajectory estimates (i.e., the two trajectory estimates also disagree with each other). At 1.48 • S, the automated method identifies "local convection"; 71 % of the trajectories in this ensemble intersect with local ISCCP cloud tops, while none intersect with local MERRA cloud tops. Both ISCCP and MERRA indicate that the convective sources for some of these trajectories were located to the east of the MLS satellite track (in the same direction as the CloudSat track), but only ISCCP indicates that these sources were within 250 km suggests that these discrepancies are related to slight differences in the distributions of convection among these three datasets. For instance, it appears ISCCP indicates that the cluster of convection between the equator and ∼8 • S extends slightly further southward (Fig. 3a) than observed by CloudSat (Fig. 2) or simulated by MERRA (Fig. 3b) . Meanwhile, MERRA simulates a cluster of convection to the east of the MLS track at 10.39 • S (Fig. 3b) that ISCCP indicates is located further east (Fig. 3a) and CloudSat does not observe. Overall, our automated method performs well in comparison to the more computationally-expensive trajectory analysis. Discrepancies between the automated method and either trajectory ensemble are similar to discrepancies between the two trajectory ensembles, suggesting that uncertainties associated with the representation of convection are intrinsic to any study of convective transport in these regions. We have applied multiple representations of convection in different contexts (CloudSat CWC in the along-track automated method; CloudSat CWC, the TRMM cloud feature database and ISCCP D2 deep convective cloud amount in a coarsegrain automated method; and ISCCP DX and MERRA in the trajectory analysis), and find that the results are qualitatively robust. We have also performed trajectory analyses for 11 other MLS tracks through Central Africa and South America on 12 January 2007, with similar results.
This case study shows that the two CO transport pathways can be successfully diagnosed through the joint use of Aura, CloudSat, and MODIS measurements at synoptic scales. Our detection criteria capture the relationships between surface CO emission, convective activity, and changes in UT CO that are associated with these transport pathways. We now apply this method to identify geographic and seasonal variations in the relative frequencies of occurrence of the two CO transport pathways over Central Africa and South America between December 2006 and November 2007. domain. The boundaries of the two domains are denoted by red boxes in each figure. During boreal winter, the strongest emission of firegenerated CO occurred in the savanna region of northern Africa (Fig. 4c) . Deep convective activity was most pronounced over southern Africa, South America, and Indonesia, away from the strongest fire regions. In the LT (Fig. 4b) , high CO concentrations were mainly located over the Gulf of Guinea and Central Africa, to the south of the primary CO emission region at the surface. The center of elevated CO in the UT over Central Africa was co-located with convective activity, also to the south of the primary CO emission region (Fig. 4a) . Over South America, the CO maximum in the UT was located over the Amazon, to the southeast of the largest surface emissions. The displacement of CO maxima in the UT relative to surface emission regions and the co-location of these maxima with convective activity suggest that CO was advected southward within the LT from the emission regions to the convective regions, then transported by deep convection to the UT.
Seasonal distribution of CO transport pathways
The topmost panels of Fig. 4 show the spatial distributions of the relative frequency of each transport pathway in the two domains. The relative frequency is calculated as the percentage of each transport pathway normalized by the total number of CO increase cases within each 4 • latitude × 8 • longitude grid box. Burning was strongest between the equator and 10 • N in Africa; CO increases in the UT over northern Africa (0-15 • N) were primarily attributable to the "local convection" pathway. The "LT advection → convection" pathway was dominant in southern tropical Africa (8-20 • S), suggesting that CO from the primary burning regions north of the equator experienced southward cross-equatorial advection to the convective region, followed by deep convective transport to the UT. Over South America, the "LT advection → convection" pathway occurred over a large area within the analysis domain, while the "local convection" pathway was mainly confined to the northwestern and southeastern corners. These results suggest that "LT advection → convection" was the dominant pathway for transporting CO to the UT over South America between December 2006 and February 2007. During boreal spring (Fig. 5) , CO emission was the strongest in Southeast (SE) Asia, and was relatively weak in Central Africa, Central America and northern South America (Fig. 5c) . Deep convection was prevalent over equatorial Africa, South America, Central America and tropical Asia, all regions where CO emission occurred. In the LT over West Africa and SE Asia (Fig. 5b) , high CO centers were collocated with surface emission, suggesting that CO was transported directly from the boundary layer to the LT. The largest CO concentrations in the UT were located over the Gulf of Guinea and Central Africa (Fig. 5a ). This center of high UT CO had a greater geographic overlap with both high CO in the LT and areas of strong convection relative to that observed during the winter season (Fig. 4) . Furthermore, greater overlap between convective activity and the fire source regions during boreal spring increased the occurrence and spatial coverage of the "local convection" pathway over the tropical southern African continent (20 • S-2 • N) relative to boreal winter, as shown in the top left panel. Over South America, UT CO concentrations were lower during boreal spring than during boreal winter (austral summer). This coincides with a reduction in the occurrences of both convective pathways. The reduction in the occurrence of the "LT advection → convection" pathway is more pronounced than that of the "local convection" pathway.
During boreal summer (Fig. 6 ), UT CO concentrations were highest over SE Asia, with a broad center of high CO extending from India in the West across southern China to the western Pacific Ocean in the East (Fig. 6a) . CO over SE Asia is largely attributable to fossil fuel emissions (Duncan et al., 2007a; Jiang et al., 2007) , which are not represented in the GFED3 CO emission dataset. Given this limitation of the GFED3 data, we instead focus our analysis on South America and Africa, where emissions of fire-generated CO are strongest (Fig. 6c) . Most deep convective activity in these regions during boreal summer occurred over Central America and northern tropical Africa.
A center of high CO is apparent in the LT over the strong surface emissions in southern Africa (Fig. 6b) , but not in South America. The daytime boundary layer and aerosol plumes are generally deeper over Africa (3-4.5 km, Labonne et al., 2007) than over South America (Martin et al., 1988; Fu et al., 1999) . Smoke layers in the Amazon basin have been observed to reach 3 km in fire areas (Andreae et al., 2004) , but the daytime boundary layer outside of active fire areas is generally shallower than 2 km (800 hPa) during this season. TES is sensitive to CO between 700 hPa and 200 hPa . Because the boundary layer is deeper over Africa than over South America, high CO concentrations emitted over Central Africa are therefore more likely to be detected by TES. Extensive cloudiness over South America may also play a role by reducing the TES sampling rate. High concentrations of CO in the LT and UT over equatorial western Africa suggest that CO originating in fires over southern Africa was transported by LT advection to West Africa, then lifted to the UT by convection associated with the African monsoon circulation. The "local convection" pathway was only prevalent in equatorial southern Africa (2-10 • S). The locations of strongest CO emissions and deep convective activity are in opposite hemispheres relative to boreal winter (Fig. 4) . This change causes a similar reversal in the preferred hemispheric locations of the "local convection" and "LT advection → convection" pathways. Over South America, the "local convection" pathway was prevalent over the southeastern part of the continent (16-24 • S), while the "LT advection → convection" pathway was prevalent over northern South America (2 • S-12 • N, top panel of Fig. 6 ). The lack of a strong center of high CO in the UT over South America may be due to the relative weakness of convective activity, as shown in the bottom panel of Fig. 6 . During boreal fall (Fig. 7) , the strongest surface CO emissions occurred in South America and southern Africa, with moderate CO emissions in northern Australia (Fig. 7c) . Deep convective activity was centered over northern South America, Central Africa, and SE Asia. The largest CO concentrations in both the LT (Fig. 7b) and UT (Fig. 7a) were located over South America, suggesting that vertical transport of CO was locally strong. Indeed, the "local convection" pathway was dominant over much of South America during this season (4-24 • S, top panel of Fig. 7) . A secondary center of high UT CO was observed over Central Africa. The "local convection" pathway was not as prevalent over Central Africa as over South America. In contrast to South America and Central Africa, CO remained low in the LT and UT over northern Australia despite strong surface emission. CO emissions appear to have been largely confined to the boundary layer in this region. 
Discussion
The lifetime of CO in the troposphere is largely determined by the concentration of OH, its main sink (Levy II, 1971; Thompson, 1992) . The levels of tropospheric hydroxyl radicals are strongly correlated with solar ultraviolet radiation (Rohrer and Berresheim, 2006) and have different seasonal cycles at various latitudes. The lifetime of CO in the troposphere is longer during local winter than during local summer, especially in the middle and higher latitudes (Duncan et al., 2007a) . Because this work focuses on the tropical (20 • S-20 • N) UT (215 hPa), seasonal changes in CO lifetime are therefore much less than those in the mid-latitudes. Biomass burning represents the largest source of CO in the tropics during burning seasons, especially in the SH; during other seasons, oxidation of CH 4 and biogenic non-methane hydrocarbons (NMHC) may be more important (e.g., Logan et al., 1981; Holloway et al., 2000; Duncan et al., 2007a; Junhua Liu et al., 2010) . The seasonal variations of CO production from biogenic sources and CH 4 oxidation at the surface and in the LT are also relatively small compared to the seasonal variations of biomass burning in the SH (Duncan et al., 2007a; Junhua Liu et al., 2010) . In the UT, Junhua Liu et al. (2010) used model simulations to show that seasonal changes in the biogenic source (from isoprene) do play an important role in the seasonality of UT CO over South America; however, biomass burning is the largest source of CO to the UT in burning regions during the biomass burning seasons (November-February in the NH, June-October in the SH). Therefore, the seasonal variations of CO in the tropical UT are likely to be largely determined by the convective transport of CO generated by biomass burning.
Figures 4-7 suggest that the seasonality of tropical mean UT CO concentration (25 • S-25 • N) is controlled to leading order by seasonal changes in the centers of high UT CO over Central Africa and South America. Seasonal changes in the pathways that transport CO from the surface to the UT over these two regions therefore appear to play key roles in determining the seasonal cycle of UT CO in the tropics.
During our analysis period, CO emission over Central Africa peaked during boreal winter, while convective activity was nearly constant throughout the year (Fig. 8a , bottom two panels). Meanwhile, CO concentrations in the UT peaked during boreal spring and fall (Fig. 8a, top) . The seasonal cycle of average CO increase reflects a combination of the two pathways; however, the "local convection" pathway is the more influential of the two, and transports more CO per event during all seasons (Fig. 8a, second panel from top) . Moreover, the seasonal variation of the number of "local convection" transport events (Fig. 8a , third panel from top) was similar to that of UT CO concentration. This result suggests that the seasonal prevalence of the "local convection" pathway plays a key role in the seasonal variation of UT CO over Central Africa. During boreal winter and summer, the primary fire regions and the convectively active regions were located in opposite hemispheres. Accordingly, the "local convection" transport pathway occurred infrequently, leading to lower concentrations of CO in the UT. CO emission over South America peaked during austral spring, while deep convection peaked during austral summer and fall (Fig. 8b, bottom two panels) . CO concentrations in the UT decreased monotonically from austral summer to winter, followed by a peak during austral spring. As with Central Africa, the seasonal variation of UT CO over South America was consistent with that of the number of "local convection" transport events, which again transports more Table 1 . Annual statistics of the two transport pathways. From left to right: first column indicates the domains; second and fourth columns indicate the total number of identified "local convection" and "LT advection → convection" transport events, respectively; third and fifth columns indicate the average CO increase associated with "local convection" and "LT advection → convection", respectively; sixth column indicates the average CO increase associated with the combination of both pathways; seventh column indicates the difference between the average CO increase associated with "local convection" and the average CO increase associated with "LT advection → convection". The numbers in the parentheses are ±2 standard errors of the mean. CO per event than the other pathway during all seasons. Although the seasonal pattern of the number of "LT advection → convection" transport events is similar to that of UT CO, the number of "LT advection → convection" transport events peaks in austral summer rather than austral spring. The seasonality of UT CO over Central Africa and South America does not coincide with the seasonalities of surface CO emission or convective activity. Figure 8 suggests that it primarily coincides with the seasonality of CO transport by the "local convection" pathway. Furthermore, the seasonal pattern of the "local convection" pathway is effectively unchanged (not shown) when MERRA reanalysis data is used to eliminate cases with UT convergence (the presence of which might indicate advection from remote sources in the UT rather than local convective lofting), suggesting that the relationship between "local convection" and UT CO is not qualitatively influenced by advection of CO in the UT. Figure 9 shows the annual average increase of CO concentrations at 215 hPa associated with the "local convection" and "LT advection → convection" transport pathways. Over Central Africa, the average increase of CO due to transport by "local convection" is approximately 5-13 ppbv (11-30 %) higher than that due to transport by "LT advection → convection". Over South America, the increase of UT CO associated with "local convection" is about 11-22 ppbv (24-48 %) higher than that associated with "LT advection → convection". These results suggest that the "local convection" pathway is more effective at transporting CO from surface to the UT than the "LT advection → convection" pathway, and provide a reasonable explanation for the similarity between the seasonal cycles of UT CO and the occurrence of the "local convection" pathway. The enhancement of CO increases over South America relative to those over Central Africa may be due to higher surface emissions and a more rapid advance of convection into the primary fire regions during the transition from dry season to wet season (Horel et al., 1989; Li and Fu, 2006) . Table 1 presents the annual statistics of the two transport pathways in both analysis domains. Although the total number of "LT advection → convection" events is much higher (3-5 times) than the total number of "local convection" events identified by our method, the average CO increase is significantly lower (as also shown in Fig. 9 ). These results indicate that the "local convection" pathway more efficiently transports CO from the surface to the UT, and they provide an explanation of the greater influence that this pathway exerts on the seasonal cycles of UT CO over Central Africa and South America.
Conclusions
We have presented a method that provides an automated identification of two pathways that transport CO from the surface to the UT through a joint use of several A-Train satellite measurements (including Aura MLS CO, CloudSat CWC, and GFED CO emission derived from MODIS fire counts data). We have shown a case study that demonstrates the effectiveness and validity of this method based on comparison with the results of a back trajectory analysis. This method allows us to objectively identify CO transport pathways and provides a statistical description of the geographic and seasonal variations in these transport pathways. Seasonal UT CO distributions from December 2006 to November 2007 (Figs. 4-7) show that the primary centers of high UT CO were located over Central Africa during boreal spring and over South America during austral spring. In both of these regions, the seasonal cycle of UT CO coincided with the seasonal cycle of the frequency of the "local convection" pathway. This appears to be because the "local convection" pathway is significantly more effective at transporting CO to the UT than the "LT advection → convection" pathway. Convective activity and, to some extent, surface CO emissions were stronger during boreal winter and summer than during boreal spring and fall; however, CO emissions were generally located in the opposite hemisphere from convection during boreal winter and summer. Consequently, CO was typically transported via the "LT advection → convection" pathway over Central Africa during boreal winter and over South America during austral summer. The "LT advection → convection" pathway is less effective than the "local convection" pathway at transporting CO to the UT.
Our results also indicate geographic and seasonal variations in the distribution of convective CO transport pathways, with strong dependences on surface climate conditions and circulation patterns. We must therefore be cautious about generalizing these results, which are based on a limited time period. One source of uncertainty in our analysis is that we determine CO increase events as those individual measurements that exceed the background CO by 20 ppbv or more. This threshold is necessary due to the uncertainties in the MLS CO retrievals; however, this may omit many legitimate CO transport events for which the increase is less than 20 ppbv. This uncertainty could be avoided by directly evaluating daily changes of CO concentration. Such an evaluation is not realistic at present, but may be possible in the future with the advent of better measurements and improved retrieval algorithms.
The Atmospheric InfraRed Sounder (AIRS), which was launched aboard the Aqua satellite in 2002, also provides CO measurements (Aumann et al., 2003) . AIRS takes measurements along a sun-synchronous orbit with a 1600 km wide swath, and can obtain high-density global CO retrievals even in the presence of substantial cloud cover (up to ∼80 %; . The AIRS CO products have improved substantially during recent years McMillan et al., 2011; Warner et al., 2007 Warner et al., , 2010 . For example, AIRS CO matches in-situ measurements from the NASA Intercontinental Chemical Transport Experiment (INTEX) to within 10 % for AIRS V4 (Warner et al., 2007) and to within 6-10 % for AIRS V5 (McMillan et al., 2011) . The sensitivity of the AIRS CO retrieval peaks in the midtroposphere, near 500 hPa (McMillan et al., 2011) . In future work, we will further assess the climatological distributions of CO transport pathways over the tropical continents by applying the method that we have developed for this study to a longer period, which will enable further examination of UT CO variability at seasonal and interannual timescales. We will use all available CO products in this future work, including AIRS CO.
